Creative Commons Attribution-NonCommercial-NoDerivs License Cu-based shape memory alloys (SMAs) generally perform poorly when they are polycrystalline, due to intergranular cracking associated with their high elastic anisotropy and transformation mismatch strains. However, the same brittle SMAs can exhibit excellent shape memory and superelasticity, as well as fatigue properties that approach those of single crystals, when they are produced in fine dimensions and with a specific grain microstructure: an oligocrystalline or "bamboo" grain structure where the grain boundaries lay almost perpendicular to the fiber axis, reducing relative grain boundary area [1, 2] . These materials could be used in a number of novel applications, such as smart textiles, if they could be manufactured in large quantities via a continuous process.
The development of continuous fine fibers of Cu-based SMAs is, however, a nontrivial challenge in processing science. Fiber forming in the solid state is complicated by the brittleness of polycrystalline fibers in either the austenitic or martensitic states, and by the shape memory property itself, which at some temperatures would favor the unprocessed shape. Direct fiber casting and solidification from the melt, on the other hand, bypasses working in the solid state, and can lead to semi-finished products with highly tailorable sizes, surface topographies and crosssectional geometries. Direct casting processes such as melt spinning, the "in-rotating-water spinning process" (INROWASP) and twin-roll casting are viewed as preferred manufacturing processes for SMAs, with the challenge being to develop those processes to effect the desirable oligocrystalline structure.
For non-SMA alloys, detailed analyses of INROWASP processing parameters on fiber quality and various morphological characteristics are available in the literature [3] [4] [5] [6] [7] [8] . The processing parameters, specifically including the ejection pressure, nozzle size, wheel speed, and ejection temperature, operate collectively to produce a corresponding cast fiber diameter and microstructure. Texture formation due to a growth selectivity in the [100] direction in melt spun ribbons [9] and INROWASP fibers [4] has also been reported. None of the above processing studies pertains specifically to SMAs, and published efforts on direct casting of Cu-based SMAs are mostly limited to melt spinning of millimeter-wide ribbons [9] [10] [11] [12] [13] [14] [15] [16] [17] , with the exception of a few reports on INROWASP round SMA fibers [3, 18] . Almost all of these studies rely on the addition of grain refiners such as titanium, boron, zirconium and chromium to increase the strength of the cast alloy material. The resulting fine-grained fibers and ribbons generally show poor superelasticity, i.e. reversible strains below 2 % [19] . In light of the need for a coarse, oligocrystalline structure in SMAs, in the present study we explicitly avoid the use of grain refiners, and aim for a coarse as-cast structure. Whereas the Cu-Al-Ni family of SMAs is more widely studied, here we introduce Mn as well. Mn is known to prevent brittle γ phase (Cu9Al4) formation, enabling good superelasticity [20] [21] [22] .
Bulk alloy pieces with a nominal composition of Cu-24Al-4.4Mn-3.6Ni (at%) were first prepared by induction melting of high purity elemental powders under argon. Several super-meter-long fibers of approximately 45-300 µm diameter were produced using the INROWASP process with a rotating drum fiber caster (PSI Ltd. England). Argon gas was first ejected onto the water surface for 30 seconds to create a blanket prior to melt ejection. The ejection temperature was measured by submerging an R-type thermocouple with a protective silica sheath into the quartz crucible. Ranges over which the processing parameters were varied in the experiments are given in Table  1 . Some of the runs were recorded with a Casio EX-F1 model high speed camera (600 frames per second). Several qualitative processing science results emerged connecting the fiber diameter to the solidification microstructure and corresponding superelastic behavior, and this will be the focus of the present letter.
Diameter, composition and surface characteristics of the as-cast fibers were characterized with a scanning electron microscope (SEM, JEOL JSM-6610LV) equipped with an energy-dispersive spectrometer (EDS). We assessed solidification texture using cross sections of the melt-spun fibers in combination with electron backscatter Kikuchi diffraction (EBSD) on a FEI XL-30 scanning electron microscope. Transformation temperatures and superelasticity of the fibers were measured with a differential scanning calorimeter (DSC, TA Instruments Q1000) and a dynamical mechanical analyzer (DMA, TA Instruments Q800), respectively. Long fibers that were produced by systematically varying one variable at a time between the maximum and minimum values in Table 1 can be broadly classified in two groups based on their morphology and brittleness. While the first group of fibers had circular cross sections with smooth solidification surfaces and exhibited superelasticity in the as-cast condition, the second group of fibers had somewhat elliptical cross sections, rough surfaces and obvious brittleness revealed by simple handling. Our high speed camera investigations revealed the mechanistic origins of these fiber types based on two distinct behaviors of the liquid metal jet: the second group of brittle fibers with elliptic cross sections were obtained when the liquid metal jet penetrated into the water, while the first group of round, superelastic fibers was formed in conditions where the jet bounced from the surface of the water rather than penetrating it. Figure 1a shows this basic result, with the inset camera images capturing typical penetrating vs. bouncing behavior of the liquid metal jet. At larger fiber sizes, we observe the penetrating mode, and it is exclusively for the finer fibers that the bouncing mode is attained. The data in Fig. 1a show the practical outcome of the processing mode: the bouncing mode, which involves slower cooling due to the lack of intimate contact with the water, favors round fibers with larger grain sizes. The larger and flatter fibers that penetrated into the water formed smaller grains, presumably due to faster and omnidirectional cooling. In this figure the data on the x-axis represent the larger axis of the fiber cross sections, and thus the apparently larger fibers are actually more oblate in cross-section as well. Whereas the larger fibers have multiple grains across their cross-section, the finer fibers are of the bamboo oligocrystalline structure, with a single grain spanning their width.
A photograph showing the typical appearance of such continuously cast fibers is shown in Fig. 1b , emphasizing the length and volume of material typically produced. The inset SEM image illustrates the typical character of a fiber produced in "bouncing mode", which has a relatively smooth surface, a round cross-section, and extreme flexibility as evidenced by the simple knot tied in this particular sample for illustration. Fig 1c shows the surface topography of a fiber produced in "bouncing mode". A common observation in such fibers was that while one side of the fiber showed the dendritic structure, the other side was smooth and free of surface features. Fig. 2 presents a more detailed look at fiber geometries and grain structures, including the as-cast surface topographies and cross sections parallel and perpendicular to the fiber axis, for fibers cast at various sizes. The dendritic surface structure seen in fiber A suggests free solidification, i.e., no contact between the fluid and any other surface was present to constrain the surface topography during solidification. Since these fibers were produced in the "bouncing mode", we speculate that the smooth side may have been the location where solidification began, likely at the point of contact with the water; solidification then proceeded (in vapor) across the fiber and completed on the upper free surface, leaving the dendritic appearance there. Fig. 2 also shows that fibers produced in bouncing mode are characterized by long grains that fully span the fiber cross section, which is also consistent with a directional solidification process nucleated from one side of the fiber.
By contrast, fiber B, which was produced in the "penetrating mode" shows the absence of dendritic solidification surface structures, and instead exhibits grooved and rumpled surfaces with large, generally longitudinal features that appear all around the circumference of the fiber. These characteristics are consistent with solidification occurring from every surface of the fiber inward towards its center, as would be expected for a fiber plunged into water. These fibers are also characterized by smaller grains, which is consistent with a higher cooling rate and a greater number of nucleation sites. The penetrating mode of processing also leads to more elliptical cross-sections, which we attribute to deformation in the semi-solid range when the fiber impacts the rigid casting wheel beneath the water surface and partially flattens.
The bouncing mode of processing is of great practical interest because of the bamboo grain structure seen in fiber A, and the utility of such oligocrystalline structures for shape memory and superelastic properties as described in the introduction. Interestingly, the tendency to form bamboo grain structures at smaller cast diameters has also been observed in INROWASP ironsilicon alloy fibers. Ichiryu et al. [23] observed long grains along the fiber axis in 70 µm filaments, whereas the grains were somewhat smaller in those with 130 µm diameter. They attributed this difference to the balance between the crystal growth rate and jet speed of the molten metal, resulting in an extreme anisotropy of crystal growth. At least in our experiments, we believe that achieving the bouncing mode of processing is critical to the formation of such oligocrystalline structures. This is borne out not only by our experimental observations with the high speed camera (cf. Fig. 1 ), but also by a simple Newtonian cooling analysis:
where ΔT(0) ~ 1300 °C and ΔT(t) are the temperature difference between the alloy surface and the surroundings at the start of ejection (t=0) and time t, respectively, and  = 7000 kg/m 3 and Cp = 36.33 Jmol -1 K -1 [24] are the density and heat capacity of the Cu alloy, respectively. Here h is an effective heat transfer coefficient for the cooling process, and while in principle this coefficient is a complex function of time as the fiber surface sees both vapor and then water contact (and then solid contact with the casting wheel), and experiences cooling both by radiation and convection, we may make a simple first order analysis by simply comparing solidification in vapor (h ~ 10 2 Wm -2 K -1 ) for "bouncing mode" and in agitated water (h ~ 10 3 Wm -2 K -1 ) for "penetrating mode". For a fiber of D = 100 µm diameter, the cooling rate in penetrating mode (~10 4 K/s), is about an order of magnitude higher than in bouncing mode (~10 3 K/s). This large difference explains the much finer grains in the penetrating mode specimens, but it also supports our speculation that in the bouncing mode, crystallization begins at the contact point with the water where the heat extraction is momentarily very high relative to vapor-phase convection. The subsequent directional solidification across the fiber diameter under vapor convection conditions after losing contact with the water could form the bamboo grain structure.
As noted above, the bamboo structure achieved during "bouncing mode" processing is of practical importance for shape memory and superelasticity, and this is borne out by direct assessment of those properties. A typical result is shown for a single fiber of 100 µm diameter in Fig. 3a . For this specimen the transformation strain (εtr) between martensite start and finish was measured as 8.4 % by tensile testing at 20 °C, which is 45 °C above the austenite finish temperature measured by DSC. This is the highest experimentally-reported reversible strain of which we are aware in an as-cast non-single-crystalline Cu-based SMA, for which strains around 2 % are more common [25] . Higher superelastic strains in the range of 4-6 % were also reported on heat treated alloys and Taylor drawn fibers [1, 2, 22] . The present superelastic strain is more comparable to what is attained in oriented single crystals or highly textured material prepared by cold rolling of sheets (~7%) [26] or cold-drawing and annealing of fibers (~ 9.2 %) [27] . The ability to continuously cast fiber that exhibits comparable superelasticity without any post manufacturing treatments is of practical interest. Figure 3b shows the stress-assisted thermally induced transformation response of the same batch of fiber obtained by applying thermal cycles under constant external stress. The elongation upon cooling and subsequent contraction during heating increased with increasing external stress as expected. The onset of martensitic transformation in the thermal cycle with 97 MPa external stress is shown; an approximate transformation strain was measured as 8.2 %, which aligns well with the superelastic strain measured earlier at constant temperature.
Extending these kinds of measurements to a variety of fibers produced in the "bouncing mode", we observe a trend with respect to fiber diameter as shown in Fig. 3c . As the diameter of the cast fibers decreases, and as their relative grain size increases, the recoverable transformation strain increases. This suggests that solidification at finer scales produces a microstructure favorable to superelasticity. The fiber with very low relative grain size immediately broke before transformation, and is therefore represented as having zero transformation strain in the plot.
The desirable shape memory properties in Fig. 3 , and their enhancement at finer fiber diameters, is, as described above, associated with the development of an oligocrystalline bamboo structure. However, the very high strains attained in these fibers also speak to a favorable crystallographic texture. Fig. 4 shows the grain orientation map obtained by EBSD on a longitudinal cross-section of a typical bouncing-mode fiber. This result was mirrored in a variety of other similar fibers that we studied as well, and here the inverse pole figure shows not only the typical grain orientations produced by the casting processing (in reference of the fiber axis), but also the theoretical axial transformation strains that Sutou et al. [26] calculated for a CuAlMnNi alloy. Our fibers generally consist of relatively few grains, all of which tend to be oriented close to the [001] and [101] directions, which are the favorable orientations in terms of transformation strains.
For a given fiber, we can approximate the expected transformation strain based on serial addition of the volume fractions of each grain, i.e. the theoretical strain of each orientation from Sutou et al. [26] . The locations of the individual grains are pointed in the theoretical inverse pole figure by color-coded circles in sizes proportional to their volume fraction. The theoretical strain approximated from this data is 8.5 %, which is very close to the measured value shown in Fig. 3a , and which supports the connection between processing-induced texture and the very high recoverable strains in these oligocrystalline SMAs.
In summary, we report a rapid and continuous processing method for Cu-based SMA fibers that exhibit single-crystal-like superelastic behavior with recoverable transformation strains above 8 %. These properties arise from the favorable microstructure inherent to the process, which nucleates large grains that grow across the fiber into an oligocrystalline structure, with a favorable crystallographic texture. The rapid, continuous production of such Cu-based SMA fibers with excellent superelastic and shape memory-with no post-processing required-speaks to an interesting possible manufacturing route for inexpensive smart fabrics and textiles. The orientation of the grains in a typical segment of an oligocrystalline cast fiber, with directions of the inverse pole figure presentation relative to the fiber axis reproduced from Ref. [26] . The locations of the individual grains are also denoted in the right inverse pole figure, color-coded and sized in proportion to the size of the grains. The contours in the right inverse pole figure show the theoretical axial transformation strain.
